Mounting evidence suggest that iron overload enhances cancer growth and metastasis; hence, iron chelation is being increasingly used as part of the treatment regimen in patients with cancer. Now whether iron chelation depletes intracellular iron and/or disrupts intracellular iron homeostasis is yet to be fully addressed. MCF-7 and MDA-MB-231 breast cancer cells treated with increasing concentrations of the iron chelator deferoxamine were assessed for intracellular iron status, the expression of key proteins involved in iron metabolism, cell viability, growth potential, and apoptosis at different time points following treatment. Treatment with deferoxamine at 1, 5, or 10 mM for 24 or 48 hours, while not leading to significant changes in intracellular labile iron content, upregulated the expression of hepcidin, ferroportin, and transferrin receptors 1 and 2. In contrast, deferoxamine at 30, 100, or 300 mM for 24 hours induced a significant decrease in intracellular labile iron, which was associated with increased expression of hepcidin, ferritin, and transferrin receptors 1 and 2. At 48 hours, there was an increase in intracellular labile iron, which was associated with a significant reduction in hepcidin and ferritin expression and a significant increase in ferroportin expression. Although low-dose deferoxamine treatment resulted in a low to moderate decrease in MCF-7 cell growth, high-dose treatment resulted in a significant and precipitous decrease in cell viability and growth, which was associated with increased expression of phosphorylated Histone 2A family member X and near absence of survivin. High-dose deferoxamine treatment also resulted in a very pronounced reduction in wound healing and growth in MDA-MB-231 cells. These findings suggest that high-dose deferoxamine treatment disrupts intracellular iron homeostasis, reduces cell viability and growth, and enhances apoptosis in breast cancer cells. This is further evidence to the potential utility of iron chelation as an adjunctive therapy in iron-overloaded cancers.
Introduction
Iron is essential for the metabolism, survival, and growth of almost all cells and organisms. However, excess iron, which leads to the generation and propagation of oxygen and hydroxyl-free radicals, is potentially toxic. To maintain iron homeostasis, mammals have evolved intricate mechanisms that tightly regulate iron absorption and release. Ferroportin (FPN) on the surface of enterocytes and macrophages channels intracellular ferrous iron out into the circulation, where it is instantly oxidized by ceruloplasmin and/or hephaestin at the interphase between iron-releasing cells and the circulation. 1 Circulating ferric iron binds to transferrin, and the complex is taken up by target cells through transferrin receptor 1 (TfR1; CD71)-mediated endocytosis. Ferroportin expression is negatively regulated by the liver-derived peptide hormone hepcidin, which induces its internalization and degradation. 2 When demand for iron is increased, hepcidin synthesis is suppressed by the action of hypoxia-inducible factor 1a (HIF-1a) 3 and growth differentiation factor 15 4 among other iron regulatory proteins. 5 In contrast, ferric-transferrin complexes in excess enhance hepcidin synthesis by inducing the release of human hemochromatosis protein from TfR1 and its binding to TfR2. 2, 6 Disturbed iron homeostasis is now recognized as part of the pathophysiology of various disease states including cardiovascular complications, neurodegenerative diseases, aging, infection, and cancer. 7 Several forms of cancer including those of the lung, 8, 9 pancreas, 10 colon, [11] [12] [13] [14] and breast 11, [15] [16] [17] [18] have been reported to associate with significant iron overload. Furthermore, breast cancer cells have been shown to exhibit increased levels of hepcidin, ferritin (FT), and labile (exchangeable) iron along with decreased FPN expression. 15 Breast cancer cells have also been shown to exhibit increased capacity to sequester iron 15 and upregulate the expression of FT, transferrin, and iron regulatory proteins 1 and 2. 16 Upregulated expression of CD71 19 among other proteins involved in iron metabolism 8 is now considered as a marker of poor prognosis in breast cancer. Clinical evidence also suggest that cancerous tissues and blood samples taken from patients with cancer exhibit higher levels of iron 20 and disrupted iron metabolism 21 when compared with normal participants. Several studies have also suggested that accumulation of iron is a potential risk factor in breast cancer. 22, 23 Iron overload has also been shown to enhance cell proliferation 24 and the progression of cancer toward more aggressive forms. 25, 26 The growing body of evidence regarding the intricate role of iron in cancer has helped to form the basis for use of iron chelation therapy to manage patients with cancer having iron overload. 19, [27] [28] [29] [30] [31] [32] 33, 34 However, the full utility of iron chelation therapy in patients with cancer is not well established, that is, although it has proven effective in some instances, [27] [28] [29] whether its benefits outweigh its side effects is still debatable. 27, 30, 31 Additionally, little is known about the effects of iron chelation on intracellular iron status; the few studies that have addressed this issue suggest that the response of cancer cells to iron deprivation is neither uniform 34 nor necessarily similar to that of normal cells [reviewed in the study of Prus & Fibach 35] . Here, we evaluated the effects of iron chelation on the status of the intracellular labile iron pool (LIP) in human breast cancer cell lines MCF-7 and MDA-MB-231 and assessed the status of several proteins involved in cellular iron metabolism along with cell viability and growth potential.
Materials and Methods

Cells and In Vitro Treatment Protocols
The nonmetastatic MCF-7 cells (ATCC HTB-22, Manassas, Virginia) and the metastatic MDA-MB-231 (ATCC HTB-26) were used throughout the study. Cells were maintained in Dulbecco's modified Eagle's medium supplemented with 2 mg/mL insulin, 1 mM sodium pyruvate, 1 mM nonessential amino acids, 4 mM glutamine, 10% fetal calf serum, and antibiotics (penicillin/streptomycin) at 37 C and 5% CO 2 . Cells were seeded at 0.5 to 1 Â 10 5 cells/mL in 25-cm flasks; at *70% confluency, cells were treated with DFO (desferrioxamine methanesulfonate, Novartis, Switzerland) at 1, 5, 10, 30, 100, or 300 mM and cultured for 24 and 48 hours prior to harvesting. Control cultures were left untreated or treated with equal volumes of phosphate-buffered saline (PBS) as vehicle. 
Western Blotting
Flow Cytometric Analysis
Intracellular (labile) iron content was qualitatively assessed as previously described with a slight modification involving the chelator being DFO instead of deferiprone given the noticeable instability of dissolved deferiprone as we experienced it. 35 Briefly, cells were washed twice with PBS; 0.5 Â 10 6 were incubated for 15 minutes at 37 C in the presence of 0.125 mM calcein acetoxymethyl ester (CA-AM; Cat. No. 56496; SigmaAldrich). Cells were washed twice and incubated for 15 minutes with DFO (Novartis) at 100 mM. After 1 wash, cells were then analyzed by flow cytometry (The BD FACSAria III; Becton-Dickinson, Franklin Lakes, New Jersey) at a rate of 1000 events/second applying a 488-nm laser beam for excitation. A minimum of 25 000 events were collected/sample, and percentage positive staining was computed to the 99% level of confidence. Mean fluorescence intensity (MFI) as presented here represents the geometric MFI of a log-normal distribution of fluorescence signals. Given that MFI increases as free iron content decreases, a qualitative measure of the change in LIP is calculated as DMFI (MFI CA-AM/DFO ÀMFI CA-AMalone ), where DMFI > 0 indicates LIP availability, while DMFI 0 indicates LIP depletion.
Wound Healing Assay
MCF-7 and MDA-MB-231 breast cancer cells were seeded at a density of 5 Â 10 5 in a 6-well plate till confluency; the cultures were disturbed by introducing a straight-line scratch using a 20 mL pipette tip. Detached cells were removed by washing twice with PBS. The respective cultures were subsequently treated with 1, 5, 10, 30, 100, or 300 mM DFO (in the case of MCF-7 cells), 30, 100, or 300 mM DFO (in the case of MDA-MB-231), or left untreated in media lacking serum for 0, 6, 24, or 48 hours. At each time point, multiple images were acquired using an inverted microscope at Â10. Quantitative analysis of the cell migration was performed using ImageJ software, National Institutes of Health (http://rsb.info.nih.gov/ij/index.html). Migration rate was calculated using the following equation:
Migration rate ¼ (mean width at 0 hours -mean width at 24 hours)/mean width at 0 hours.
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide Cell Viability Assay
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) (Sigma-Aldrich) was used as a colorimetric assay to assess cell viability following DFO treatment as described elsewhere. 36 10 4 cells were grown in 0.2 mL growth medium in 96-well plates and cultured for 24 hours. The MTT salt was then mixed with the control or DFO-treated cells and incubated at 37 C for 2 hours in a humidified CO 2 incubator at 5% CO 2 . The MTT formazan product was dissolved in Dimethyl sulfoxide, and absorbance was read at 570 nm on a microplate reader.
Statistical Analysis
Cell viability, iron content studies, protein expression levels, and wound healing data were analyzed using Graph Prism Pad 5 (GraphPad Software Inc, La Jolla, California); paired t test was used to generate P values for comparisons between groups in each data set; P < .5 was considered as significant.
Results
The status of the intracellular LIP following DFO treatment was assessed using the CA-AM/chelator staining-based flow cytometry method. 35 Fluorescence intensity of CA-AM-stained control and treated cells was measured at 24 and 48 hours posttreatment as means of evaluating the effects of chelation on LIP content over time. As shown in Figure 1A and B, cells treated with DFO for 24 hours showed a statistically significant decrease (P > .05) in CA-AM quenching (increased fluoresce intensity that equates with lower iron content) when compared with that in untreated cells irrespective of DFO dose. At 48 hours posttreatment, however, there was a significant increase in CA-AM quenching in treated cells (decreased fluoresce intensity that equates with higher iron content). Interestingly, a similar pattern of increased CA-AM quenching was noted in untreated control cells at 48 hours postculture, suggestive perhaps of cell cycling-related physiologic changes in LIP content. To further evaluate the effect of DFO dose on LIP content, the difference in fluorescence intensity between CA-AM alone versus CA-AM-stained and subsequently chelated (CA-AM þ chelator) control as well as treated cells was measured and expressed as DMFI. The DMFI concept was developed and used on the assumption that iron chelation of CA-AM-stained cells unquenches CA-AM (increase CA-AM fluorescence intensity) in a manner reflective of LIP content. 35 As shown in Figure 2E , there was a positive shift in fluorescence (DMFI > 0) only in untreated control cells at 24 hours posttreatment. Cells treated with DFO at 1, 5, or 10 mM did not show a significant shift in fluorescence (DMFI) at either time point, suggesting that low-dose DFO treatment is insufficient to cause detectable changes in the LIP (Figure 2A , B, and E). In contrast, high-dose DFO treatment resulted in a statistically significant negative shift in fluorescence (DMFI > 0) at 24 hours irrespective of DFO dose ( Figure 2C and E) . At 48 hours, however, a reverse pattern was noted; in that, while a positive shift in fluorescence (DMFI > 0) was evident in cells treated with 30 and 300 mM DFO, control cells showed a negative shift (DMFI > 0; Figure 2D and E). In agreement with data observed in Figure 1 , this suggests that LIP content was higher in untreated cells when compared with cells treated with highdose DFO for 24 hours and higher in DFO-treated cells when compared with untreated cells at 48 hours.
As shown in Figure 3 , treatment of MCF-7 cells with increasing concentrations of DFO for 24 hours resulted in a significant increase in hepcidin synthesis, especially at 30 and 100 mM (P > .05). In contrast, treatment with increasing concentrations of DFO for 48 hours resulted in a significant reduction in hepcidin expression ( Figure 3A-C) . This pattern of hepcidin synthesis negatively correlated with that of LIP in treated cells at both time points (Figures 1 and 2) . With regard to FPN expression, it significantly increased in cells treated with 300 mM DFO for 24 hours and those treated with 30, 100, or 300 mM for 48 hours; untreated cells showed minimal levels of FPN at either time point ( Figure 3A and B) . Overall, the pattern of FPN expression following DFO treatment positively correlated with that of LIP ( Figure 1 ) and negatively correlated with that of hepcidin (Figure 1 ), especially at 48 hours posttreatment.
As upregulated expression of FPN is suggestive of increased intracellular iron efflux, the ability of iron-chelated cells to alter the expression of FT, TfR1, and TfR2 as means of compensating for lost LIP was evaluated ( Figure 4 ). As shown in Figure 4 , FT expression significantly upregulated (P > .05) at 24 hours and significantly downregulated (P > .05) at 48 hours post DFO treatment. Although changes in FT expression following DFO treatment occurred irrespective of dose, cells treated with 100 mM DFO exhibited the highest levels of FT (>3-fold) when compared with controls. Ferritin expression pattern correlated positively with that of hepcidin ( Figure 3 ) and negatively with that of LIP (Figures 1 and 2 ) and FPN ( Figure 3 ) at both time points. As a general trend, the lower the DFO dose, the higher the level of TfR1 expression (Figure 4). Cells treated with 30 mM DFO for 24 hours showed significantly higher levels of TfR1 (P > .05) when compared with untreated cells or cells treated with higher DFO doses. Cells treated with 300 mM DFO for 48 hours showed significantly lower levels of TfR1 (P > .05) when compared with treated or untreated cells. The pattern of TfR2 following DFO treatment was slightly different from that of TfR1 ( Figure 4C) , with it being time-and DFO dose-dependent. In that, TfR2 expression was significantly upregulated especially at 30 mM DFO (P > .05) in cells treated with 30 and 100 mM DFO at 24 hours posttreatment. The TfR2 expression in cells treated with 300 mM DFO was similar to that in untreated cells at 24 hours and slightly lower than that in controls at 48 hours posttreatment. The expression pattern of TfR2 negatively correlated with that of FPN, especially at 300 mM DFO/48 hours exposure time. Interestingly, although low-dose DFO treatment did not lead to significant changes in LIP content, the expression of key iron regulatory proteins including hepcidin, FPN, TfR1, and TfR2 showed significant corrective changes at both 24 and 48 hours posttreatment ( Figure 5A and B) . This suggests that low-dose iron chelation disrupts intracellular iron metabolism sufficiently enough to trigger corrective responses, vis-à-vis, variable expression in hepcidin and upregulated expression TfR1, TfR2, and FPN.
The effect of DFO treatment on MCF-7 cells was further investigated by assessing cell viability ( Figure 5 ) and wound healing (cell migration) potential ( Figure 6 ). As shown in Figure 5 , DFO-treated cells experienced a time-and dosedependent reduction in cell viability when compared with untreated controls; it was most evident in cells treated with 100 mM DFO for 48 and 72 hours (P > .05) postchelation ( Figure 6A and B) . Furthermore, while low-dose DFO (1, 5, or 10 mM) treatment resulted in a low-moderate reduction in growth and healing ( Figure 7A and B) , high-dose (30, 100, or 300 mM) treatment resulted in a significant decrease (P > .05) in healing potential (cell migration rates) when compared with untreated cells (Figure 7C and D) . In that, untreated cells were able to gradually heal the wound as evidenced by wound closure, high cell migration rates, and absence of floating (dead) cells. In contrast, DFO-treated cells failed to heal the wound as evidenced by the significantly (P > .05) reduced rates of cell migration toward wound area and the presence of significant numbers of floating cells. Interestingly, high-dose DFO treatment of the metastatic breast cancer cell line MDA-MB-231 also resulted in a very significant (P > .05) and visually pronounced decrease in cell growth and healing as evidenced by the apparent lack of cell migration, as well as the clear increase in cell detachment and floating, especially at 100 and 300 mM DFO/48 hours dose ( Figure 7E and F) . Based on these findings, the proapoptotic potential of DFO-treated cells was evaluated ( Figure 6C ). Cells treated with increasing concentrations of DFO showed a significant dose-dependent increase (P > 0.05) in the expression profile of the DNA damage marker g-H2AX at both time points. In contrast, the expression profile of the DNA repair/cell survival marker BIRC5 (survivin) showed a significant reduction (P > .05) at 100 and 300 mM/ 24 hours and at 30, 100, and 300 mM/48 hours.
Discussion
Findings presented here clearly suggest that high-dose DFO treatment targets and reduces intracellular LIP content ( Figures  1 and 2) . This is consistent with previous studies, which have shown that major iron chelators including DFO can deplete intracellular LIP in various cell types. 34, 37, 38 However, the reduction in intracellular LIP as reported here was transient as evidenced by the observation that following its significant drop at 24 hours, it recovered at 48 hours postchelation ( Figure  1 ). This is consistent with previous work which has shown that DFO treatment increases intracellular iron content in certain types of breast cancer including, for example, the aggressive MDA-MB-231 cells. 34 The significant reduction in FT expression at 48 hours (Figure 4 ) may explain the increase in LIP at this time point, given the antagonistic relationship between LIP and FT expression 39, 40 and the likely possibility that LIPdepleted cells repress FT expression as means of survival, DNA replication, and cell cycling. 41 Whether the interplay between intracellular LIP and FT could continue following iron chelation and for how long is worth addressing in future studies.
As described in the Results section (Figures 3 and 4 ) and summarized in Figure 8 , high-dose DFO treatment-induced reduction in LIP at 24 hours resulted in increased hepcidin and FT expression, reduced FPN expression, and increased TfR1 and TfR2 expression at 30 and 100 mM concentrations. However, this expected sequence of events 2-8 didn't hold true when MCF-7 cells were treated with 300 mM DFO as evidenced by the observation that increased FPN expression did not correlate positively with an increase in TfR1 and that hepcidin did not change in any significant manner. On the other hand, DFOinduced increase in LIP at 48 hours was associated with reduced hepcidin and FT synthesis, significantly increased FPN expression, increased TfR1 and 2 expression only at 30 DFO, increased TfR1, but reduced TfR2 at 100 mM DFO and reduced TfR1 and TfR2 at 300 mM DFO. Of all these profiles and outcomes, the only one that is roughly consistent with what is to be expected when labile iron content increases in normal cells [2] [3] [4] [5] [6] [7] [8] is the one observed in cells treated with 300 mM DFO. In agreement with previous reports, 8, 30, 42 these findings point to a significant disruption in intracellular iron homeostasis in cancer cells. This may also partially explain previous observations regarding the differential vulnerability of cancer cells to iron chelation 42 and/or chemotherapy. 34, 37, 38 The observation that iron chelation precipitates timedependent detrimental effects against nonmetastatic (MCF-7) and metastatic (MDA-MB-231) breast cancer cells (Figures 6  and 7 ) is consistent with previous reports which have shown that DFO treatment minimizes cell migration and wound healing potential in MCF-7 cells 34 and that it decreases the viability and proliferation of breast cancer cells. 43 This is in agreement with the observation that DFO-induced LIP depletion increases the susceptibility of cell lines like K562 to doxorubicin 38 and that DFO treatment in TP53-MDA-MB-231 and TP53-MCF-7 results in pronounced epigenetic alterations that associate with increased apoptosis and enhanced sensitivity to doxorubicin and cisplatin. 44 Increased expression of g-H2AX and decreased expression of surviving with increasing concentration of DFO as shown in Figure 6 further confirm the apoptotic potential of iron chelation. The detrimental effects of DFO observed in this study were most evident at 100 mM (Figures 6 and 7) . However, given that different cell types exhibit differential susceptibilities and sensitivities to iron chelation, 34, 45 the optimal dose to apply should take into account the status of the patient and the type of cancer being targeted among other issues.
Conclusion
Findings reported here suggest that high-dose DFO treatment transiently depletes LIP content to a level low enough to (1) induce significant disruption in intracellular iron homeostasis, (2) enhance apoptosis, and (3) reduce cell viability and growth in nonmetastatic and metastatic breast cancer cells. Further in vitro work is still needed to test the anti-growth and apoptotic potential of various iron chelators against a wide range of ironoverloaded cancers. Further in vivo work is also needed to optimize the therapeutic dose and address safety concerns relating to iron chelation adjunctive therapy, vis-à-vis irondeficiency anemia, panleukopenia, and increased susceptibility to nosocomial infections, among others. 
